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A noncontacting ultrasonic sensor system is being developed for on-
line inspection of thick section welds made by a robotic gas metal arc 
welding (GMAW) system. The sensor system consists of a pulsed laser for 
generating the ultrasound and an electromagnetic-acoustic transducer 
(EMAT) for receiving it. The sensor will follow closely behind the weld 
head and inspect the solidified weld bead for flaws. The main advantage 
of this technique is that flaws can be found and repaired before they are 
covered by subsequent welding passes. This is expected to be much 
simpler and less likely to induce further flaws than current practice 
since a large amount of otherwise good weld metal need not be removed to 
reach and repair a flaw. The system also monitors the welding process, 
i.e., detection of a large number of flaws indicates that the process is 
no longer operating as planned. In this paper, the technique for 
detecting incomplete sidewall penetration is demonstrated and methods for 
improving the system are discussed. 
BACKGROUND 
Previous work on a concurrent weld inspection system proved the 
feasibility of the method [1]. The system used a piezoelectric 
transducer, operating in the pulse-echo mode, mounted in an oil-filled 
tire. The transducer had one translational and two rotational degrees of 
motion and the entire tire assembly could be translated down the part 
behind the weld head. A simple expert system analysis of the received A 
scans was capable of discriminating between good weld and flawed areas 
with a high degree of accuracy. Of the good weld, 92% was called as good 
with only 8% false flaw calls. Similarly 94% of the flawed areas were 
correctly identified and only 6% missed. The system was less accurate in 
discriminating between the two types of flaws, incomplete sidewall 
penetration and porosity - only 60 to 70% of the flawed areas were 
correctly identified by type. 
The major difficulty with this system is the need for couplant 
between the tire and the part. The coupling is not difficult to maintain 
in a laboratory, but probably would be a problem in the field. In 
addition, the coup1ant may contaminate the weld. Therefore, methods of 
eliminating the coupling were sought. 
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NONCONTACTING SYSTEM 
Pulsed lasers are used by many investigators to generate sound in 
the thermoelastic or ablative mode [2]. In this system the sound is 
generated using a Q-switched Nd(YAG) laser. For convenience during 
development, the 1064 nm output is doubled in frequency so that the beam 
is visible. In the final system, the infrared beam will be used. The 
laser has a 30 Hz repetition rate and a 15 ns pulse width. Neutral 
density filters are used to adjust the energy per pulse to vary from 10 
to 25 mJ. The spot size is varied from 0.1 to 5.0 mm, with a 1 mm spot 
size normally being used. The spot size is adjusted by varying the 
distance of the 200 mm focusing lens from the sample. 
An EMAT system was chosen for ultrasound detection. Although 
various laser systems may be used to detect ultrasound [3], and have 
distinct technical advantages over the EMAT system, none seemed to be 
feasible for use in a field environment at this time. Improvements in 
the ruggedness of laser systems may soon overcome this problem. EMATs 
have been used in field environments in previous applications [4] and 
have proven reliable even in harsh conditions [5]. The experimental data 
shown in this paper were taken with a custom-designed, commercial EMAT 
with a normal magnetic field and a meanderline coil. The dimensions of 
the coil were chosen so that the transducer is most sensitive to 45° 
longitudinal or 22° shear wave trains at 2.25 MHz in steel. Such a 
transducer is not ideal for several reasons, as is discussed below. 
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Fig. 1. Schematic of weld geometry and ray trace results for the TL and 
LT rays from the laser generated source to the EMAT receiver 
position. 
WELD SAMPLE 
The test specimen for this study is a weld joining two 12.7 mm thick 
carbon steel plates using a vee groove preparation with a 75° included 
angle and a 0.0 to 1.5 mm root opening. During the second weld pass, 
deliberate incomplete sidewall penetration and porosity were introduced; 
these flaws were subsequently covered by a third pass. The flaws in the 
specimen are well characterized: this specimen was made as part of the 
original concurrent inspection system development discussed in the 
BACKGROUND section and has been inspected radiographically. A cross-
section of the part is shown in Fig. 1. 
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ANALYSIS METHODS 
This noncontacting pitch-catch system is significantly different 
from the previous piezoelectric pulse-echo system. which means that 
different methods of determining transducer placement and analyzing the 
resulting A scans are required. The main idea is that an ultrasonic wave 
will be altered if it passes through an area with a defect. and this 
change will be detected in the received signal by hardware gates and 
level detectors. The placement of the laser spot and the receiving EMAT 
is then critical in two aspects: First. the sound path between the laser 
source and EMAT receiver must pass through the region of interest. 
Second. the sound path must be at the correct angle so that the source 
generates a significant amount of energy along that path and the receiver 
is sensitive to incoming sound at the incoming angle. In addition. the 
effect of interface reflections along the path must be accounted for. 
Such analysis will eventually have to be done on-line using information 
about the current geometry of the weld provided by the robot's vision 
system before each pass. 
A ray-tracing computer program has been written to calculate the 
sound paths of various modes from the laser-generated source to the EMAT 
receiver position. Two examples of this ray tracing are shown in Fig. 1. 
In this setup the laser source is assumed to be in the center of the 
solidified weld and the EMAT receiver is 35 mm away. In the first 
example a transverse wave (denoted by a "T" in the figure) leaves the 
source at an angle of 30° with respect to the normal to the surface. 
This wave passes directly through the region where incomplete sidewall 
penetration is expected. The wave then mode converts to a longitudinal 
wave at the bottom, and this wave arrives at the EMAT position at an 
angle of 66.4°. For the mode converted reflection. the program 
calculates the Fresnel coefficient so that the relative amplitude of the 
outgoing longitudinal wave is known. 
At the receiver position. the program calculates the tangential 
velocity amplitude due to the incoming longitudinal wave, accounting for 
the reflected longitudinal and transverse waves. The EMAT sensitivity 
depends primarily on this velocity amplitude as discussed below. 
Finally, the product of all the Fresnel coefficients (one in this case) 
and the tangential velocity amplitude determines the amplitude of the 
received signal relative to the initial ray amplitude. Thus the program 
can calculate most of the information required to determine if this 
configuration of the transducer is adequate. 
The missing information is the amplitude of the initial ray 
generated by the laser ablation. A finite element program is used to 
predict the amplitude as a function of angle. The program is based on 
DYNA2D [6], modified to include only those parts necessary for linear. 
small amplitude wave propagation [7]. The axisymmetric grid for the 
calculation has 100 square elements. 0.1 mm on a side, in each direction. 
for a total area of 10 mm by 10 mm. The laser source is modeled as a 
normal force on the axis of symmetry with a radius of 0.7 mm and a 
Gaussian time dependence. A contour plot of the resulting wave 1 ~s 
after the start of the problem is shown in Fig. 2. The contour levels 
are chosen so that the longitudinal wave is clear, with the maximum 
amplitude on the axis at about 5.5 mm. From this the amplitude of the 
longitudinal wave as a function of angle can be determined. Similarly. 
at 2 ~s the shear wave contour levels can be used to determine the 
amplitude distribution as a function of the outgoing angle. 
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Fig. 2. Contour plots of the amplitude of the ultrasonic waves at 1 ~s. 
The vertical axis is the symmetry axis and the horizontal axis 
is in the radial direction. The source is centered on the 
symmetry axis at the top of the plot. 
COMPARISON TO EXPERIMENT 
The finite element results can be combined with ray trace results to 
obtain a total tangential velocity amplitude for each ray combination 
relative to the other ray combinations. This information is summarized 
for the more important ray combinations in Table I. The far left hand 
column is the ray combination. The "x3" means that the data is actually 
the net result for three combinations which arrive at the receiver 
position at the same time. The initial leg of the three is the same for 
each combination. For example, "LLLTx3" represents the LLLT, LLTL, and 
LTLL combinations. Note that TLLL is distinct because it arrives at an 
earlier time since the path length for the first leg of this combination 
is shorter. 
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Table I. Ray Trace and FE Predictions 
Sensitive to 
incomplete 
Total Expected Total Expected sidewall 
Mode Transit Time Am12litude 12en~!a.:ation? 
TL 8.9 1.13 Y 
LT 9.5 0.73 N 
TLLL 11.6 0.24 N 
LLLTx3 12.1 1.42 y 
TTLLx3 13.6 1.64 N 
LLTTx3 14.2 2.46 y 
TTTLx3 15.9 0.3 Y 
LTTT 16.5 0.04 N 
The total expected amplitude of the combination is calculated from 
the product of the amplitude of the initial leg (from the finite element 
program), the Fresnel coefficients for all reflections and mode 
conversions, and the final tangential velocity amplitude at the receiver 
position. The last column provides information on whether or not the ray 
passed through the region of interest, where incomplete sidewall 
penetration might occur. This determines whether that particular 
combination is sensitive to sidewall penetration. For example, in 
Fig. 1, the TL mode does pass through the region of the weld that might 
have incomplete penetration, but the LT mode does not. Similarly the 
three LLLT combinations pass through this area but the TLLL mode does 
not. 
Note that the signals can be thought of in pairs, with the same 
number of rays of each mode. When the initial leg is transverse, the 
transit time is shorter than when the initial leg is longitudinal. 
Because of the restricted bandwidth of the receiving EMAT, the signals 
from each pair of combinations are difficult to resolve. 
Figure 3 shows four A scans received from an area of good weld and 
seven A scans from an area with incomplete sidewall penetration. The 
four pairs of vertical lines indicate the expected arrival times of the 
four pairs of ray combinations. For the first pair, the relative 
amplitude of the TL (first of the pair) is expected to be greater than 
that of the LT in the good weld, but should be decreased in the presence 
of incomplete penetration. However, these predictions are not born out 
very well by the data. Although the amplitude of the signal arriving at 
the time of the TL does decrease somewhat in the region with incomplete 
sidewall penetration, its amplitude is small compared to the LT and thus 
this pair can not really be used to detect incomplete penetration. 
The predictions for the second pair are somewhat better. In this 
case the TLLL combination, which arrives first, is expected to be 
unaffected by incomplete sidewall penetration while the LLLT combinations 
are expected to be affected. This is confirmed by the data since the 
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Fig. 3. Received data at a sequence of positions on the weld specimen. 
The first four A scans are from a region of good weld. The last 
seven are from a region containing incomplete sidewall 
penetration. The vertical lines mark the predicted arrival 
times of the ray modes listed in Table I. 
second signal decreases significantly in the region with incomplete 
penetration. 
For the TTLL and LLTT combinations the data do not agree with the 
predictions at all and neither of the pair is affected by incomplete 
sidewall penetration in any consistent way. 
The last pair of combinations (LTTT) indicates incomplete sidewall 
penetration in all the data collected in this configuration. One reason 
for this is that the other member of the pair, which is not affected by 
sidewall penetration, has an extremely low total amplitude. Thus of the 
four pairs, only this one has the potential to be used to detect 
inadequate sidewall penetration. 
DISCUSSION 
The ray tracing and finite element calculations, although useful, 
are too crude for accurate predictions. The two main problems are the 
assumptions of ray acoustics and of the EMAT receiver sensitivity 
depending only on the tangential velocity amplitude. The solution to the 
first problem is very difficult; the second can be solved either by 
measuring the EMAT response as a function of angle or using an accurate 
model of EMAT sensitivity. 
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The EMAT itself also requires improvement. The meanderline coil is 
designed for receiving sinusoidal wave trains, so constructive 
interference takes place at each line of the meanderline coil when a wave 
at the correct angle and frequency arrives at the receiver. The laser 
generated sound wave has a velocity amplitude whose functional form is 
the time derivative of the approximately Gaussian time function of the 
incident laser pulse. This narrow (-15 ns wide), biuolar si~nal loses 
some of its high frequency content when traveling through the metal. Upon 
arrival at the meanderline, it produces a bipolar voltage in each line 
with no constructive interference since each pulse is too narrow. The 
resulting series of narrow, bipolar voltage pulses is further filtered by 
the EMAT electronics to a bandwidth of 5 MHz. 
A new EMAT is being designed at the National Institute of Standards 
and Technology (NIST) in Boulder [8] that will provide improved 
sensitivity by using a single-line design to improve the signal-to-noise 
ratio. This EMAT design could also use existing single-line EMAT 
sensitivity models to predict its angular sensitivity [9]. 
The bandwidth of the EMAT is limited to less than a few MHz for 
signal-to-noise ratio requirements. The mismatch between the bandwidth 
of the laser source and the receiving EMAT can then only be corrected by 
modifying the laser source. Several researchers are investigating 
methods of producing very narrow band laser-generated ultrasound [10,11]. 
However, their methods are not applicable here since a significantly 
larger bandwidth than they are obtaining is required to separate the 
different signals observed in the data in Figure 3. Another approach 
would be to change the bandwidth of the laser source by lengthening the 
pulse width of the source. Assuming the source pulse is a Gaussian in 
time, the velocity amplitude of the resulting sound wave is then the 
derivative of the Gaussian. It is easy to show that the peak frequency 
and 20 dB bandwidth of this function depends on the full width at half 
maximum of the pulse: 
~.~ - 0.375/T 
and 
0.060/T < f < 0.69/T 
where T is the full width at half maximum of the laser pulse in ~s and 
the frequencies are in MHz. In the case of a 15 ns wide pulse, the peak 
frequency is then 25 MHz and the 20 dB bandwidth is from 4 to 46 MHz. A 
more reasonable bandwidth for the EMAT could be obtained with a pulse 
width of 125 ns, which results in a peak frequency of 3 MHz and a 20 dB 
bandwidth from 0.48 to 5.5 MHz. Methods of increasing the pulse width of 
the generating laser source need to be investigated. 
Other areas of investigation include methods of delivering the laser 
energy in a convenient, fieldable way, either using a miniature laser 
head or fiber optics [12]. Porosity was detected with the pulse-echo 
system but has not yet been detected with the pitch-catch, noncontacting 
system. 
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